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Semiclassical Method

Irina Navrotskaya and Eitan Geva*
Department of Chemistry, Usrsity of Michigan, Ann Arbor, Michigan 48109-1055

Receied: September 23, 2006; In Final Form: Member 10, 2006

The vibrational energy relaxation (VER) rates foy &hd D in liquid argon T = 152 K, p = 1.45 x 10%?

cm3) are calculated using the linearized semiclassical (LSC) methdehfys. Chen2003 107, 9059, 9070).

The calculation is based on Fermi’s golden rule. The VER rate constant is expressed in terms of the quantum-
mechanical forceforce correlation function, which is then estimated using the LSC method. A local harmonic
approximation (LHA) is employed in order to compute the multidimensional Wigner integrals underlying the
LSC approximation. The HAr and D,—Ar interactions are described by the three-body potential of Bissonette

et al. J. Phys. Chem. A996 105, 2639). The LHA-LSC-based VER rate constants for botrabd H are

found to be about 23 orders of magnitude slower than those obtained experimentally. However, their ratio
agrees quantitatively with the corresponding experimental result. In contrast, the classical VER rate constants
are found to be 89 orders of magnitude slower than those obtained experimentally, and their ratio is found
to be qualitatively different from the corresponding experimental result.

I. Introduction In a series of recent papéis,’2 we have proposed a more
o ) ] ) rigorous approach for calculating VER rate constants, which is

Vibrational energy relaxation (VER) is the process by which pased on linearizing the forwartbackward action in the path-

an excited vibrational mode equilibrates by transferring its integral expression for the quantum force autocorrelation

excess energy into other intramolecular and/or intermolecular fynction (the linearization is with respect to the difference

degrees of freedom (DOF). VER is prevalent in many systems petween the forward and backward pahsit should be noted

of fundamental technological and biological importance and that the same approximation can be derived in several other

plays a central role in determining chemical reactivity. It is ways, including linearization of the forwardackward action

therefore not surprising that the measurement and calculationin the semiclassical initial value representation approximation

of VER rates have received much attention over the last few for the correlation functiof#-8° and starting from the Wigner

decaded:* Recent theoretical and computational studies of yepresentation formalisff. The resulting linearized semiclas-

VER have been mostly based on the Landdeller for- sical (LSC) approximatiorfor a general real-time quantum

mula;'>>%>1which gives the VER rate constant in terms of the  mechanical correlation function is given by

Fourier transform (FT), at the vibrational frequency of the

guantum-mechanical autocorrelation function of the fluctuating Tr(e " &M e HiA)

force exerted on the relaxing mode by the other DOF. In many 1 3

cases, replacing the quantum-mechanical force autocorrelation™ m f dqgy f dp, (Ae ﬁH)w (%o po)Bw(ngI)' pﬁc") )

function by its classical counterpart is unjustified because the

frequency of the relaxing vibrational mode is either comparable hereN is the number of DOFgo = (qo®, ..., ™) andpo =

to or larger tharkgT/A. Indeed, discrepancies by many orders (p @), ... p™) are the corresponding coordinates and momenta,

of magnitude have been reported between experimentally

measured VER rates and those calculated using classical A, p) = f dA e P 4+ A2IAIg — A0 (2)

molecular dynamics (MD) simulations. Unfortunately, the exact

calculation of real-time quantum-mechanical correlation func- js the Wigner transform of the operatex? and qgc') =

tions for general anharmonic many-body systems remains far (g, po) andp{® = p/®(qe, po) are propagated classically

beyond the reach of currently available computer resoifces. \yith the initial conditionsgo and po.

The most popular gpproach for deal'inglwith this diffipulty, in The major advantage of the LSC approximation is its
the case of VER, is based on multiplying the classical VER computational feasibility (although computing the Wigner
rate constant by a frequency-dependent quantum correctionyansform in systems with many DOF is not tri&I%73. The
factor (QCF)7:>3"% A variety of different approximate QCFs | Sc approximation has the additional attractive features of being
have been proposed in the literature. Unfortunately, estimatesexact att = 0, at the classical limit, and for harmonic systems.
obtained from different QCFs can differ by orders of magnitude, |ts main disadvantage is the fact that it can only capture quantum
and particularly so when high-frequency vibrations are involved. effects at short time& However, it should be noted that, in
Thus, the development of more rigorous methods for computing condensed phase systems in general, and in the case of high-

VER rate constants is highly desirable. frequency VER in particular, the quantities of interest are often
dominated by the short-time dynamics of the correlation
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In practice, using the LSC approximation, eq 1, requires the nonclassical simulations. Finally, we describe the-Hr and
calculation of the phase-space integrals underlying the Wigner D,—Ar interactions by an accurate state-of-the-art three-body
transforms. The numerical calculation of those integrals is potential®*
extremely difficult in the case of many-body anharmonic The structure of the remainder of this paper is as follows.
systems because of the oscillatory phase faetdt®", in the The model and VER theory employed are outlined in Section
integrand. In refs 69,70, this problem was dealt with by using Il. The simulation procedures are described in Section Ill. The
a local harmonic approximation (LHA), which allows for an simulation results are presented in Section IV and discussed in
analytical evaluation of the Wigner integral. The emerging LHA- Section V. Explicit expressions for the bath Hamiltonian and
LSC approximation has been tested on several benchmarkthe force exerted on the relaxing vibrational mode are prOVided
problems in ref 69 and was found to give very good agreement in the appendix.
with the exact results, or their best estimates. It was also
observed that high-frequency VER is dominated by a purely
guantum mechanical term, which is not accounted for in classical We consider a single +br D, molecule in liquid argon. The
MD simulations. The first application of the LHA-LSC method overall Hamiltonian is given by
to a molecular liquid was reported in ref 70, where it was used
to calculate the VER rate constant in neat liquid oxygen at 77K. Hiol(@) = Hy(a) + K+ U(q) 3)
The VER rate constant obtained via the LHA-LSC approxima-
tion was found to be 4 orders of magnitude larger than the The vibrational Hamiltoniani(a), is given by
corresponding classical rate constant and in very good quantita- 5
tive agreement with experiment. Quantitative agreement between H(q) = b 1 0l (4)
the predictions of the LHA-LSC method and the corresponding s 2u 2
experimental VER rates was also found for neat liquid nitrogen
and oxyger-argon mixtures over a wide range of temperatures
and mole fractiong! The range of applicability of the LHA-

LSC method has also been recently extended to polyatomlcis the vibrational frequency. It should be noted that anharmo-

molecules in liquid solutiori? nicity will undoubtedly become important for describing VER
In this paper, we use the LHA-LSC method in order to of highly excited states. However, in this paper we focus on

compute the VER rates ofdaind Dy in liquid argon. The main  vER between the first excited and ground vibrational states,

motivation for considering this system has to do with the fact for which the harmonic approximation is an excellent one.

that H and Dy are expected to give rise to very pronounced  The total rotational and translational kinetic energy,is

quantum effects due to their high vibrational frequencies and given by

light masses. It should also be noted that experimental values

II. Model and Vibrational Energy Relaxation Theory

whereq is the vibrational coordinate (i.e., the deviation of the
bond length relative to its equilibrium valug),is the corre-
sponding conjugate momentumjs the reduced mass, ang

of the VER rates in dilute p-Ar and D>—Ar solutions are P02 |_02 N sz
available over a wide range of;+and D, mole fractionst1? K=—+—+ Z — (5)
The values of the VER rate constants at infinite dilution, which 2M 2l &=12m

can be compared with our results, may be obtained by . . .

extrapolating the experimental results to zerpafd Dy mole wherem is the atomic mass of argoM is the molecular mass
fractions. VER rates in this system also exhibit a rather large of Hp or Dy, Py is the momentum of thith argon atomp, is
isotope effect. More specifically, the experimental VER rate of the molecular center of ma§5_ momenturg,is the molecular
H, is an order of magnitude larger than that of inder the ~ @ngular momentum) = urg is the molecular moment of
same conditions, despite the fact that the vibrational frequency Nertia, and-eis the equilibrium bond length. We have verified,
of H, is larger than that of Pby a factor ofv2. The VER via c!assu:all MD simulations, .that centrifugal forces qlo not
rates of H and B in liquid argon have also been recently contribute ﬁ_lgrr:lflcan:]ly 0 the hlgh-(;requbengdeER r(;ate n ;Ehls
calculated by Miller and Adelma¥t.However, the latter study g:;ﬁm’uvg )I?S tlhsevgvgrzﬁl agf;nTiZI etr?er N mwht?gﬁ?s eli?/teeﬁ b
was based on a classical treatment (relying on either classical y. 2 P 9 g y
MD simulations or a classical integral equation formalism) and N-1 N N

employed a Gaussian ansatz for the force autocorrelation — U(qg) = Z Bar—ar(r) + Z dn, — Ar(r,0;,0) (6)
function. The validity of the classical treatment in this context =1 k5T =

is questionable due to the high frequencies and light masses of

H, and Dy, and the Gaussian ansatz is inconsistent with the fact 7€, ¢ar—ar(r) and ¢,-ai(r,0,q) are the Ar-Ar and H—Ar
that the frequency dependence of the VER rate in nonpolar interaction pote_nt|alsr,-k_|s the distance between tftd andkth
liquids is often observed to follow an exponential gap law. It &9on atomsij is the distance between tfta argon atom and
should also be noted that Miller and Adelman were only able the molecula_r center of mass, aaphs the angle between the
to obtain agreement with experiment by considerably changing molecular aX|s_and the vector pointing from the molecular center
the repulsive part of the HAr and D—Ar pairwise interaction of_rr’r;]assAtoz\hqth argon atom (OS. ?1.5 mi2). d to be of th
potentials and that they were not able to account for the Lenngrd-r.l_()nreéntt;pgzcnon potential is assumed to be of the
experimentally observed isotope effect. In contract, the current '

study is based on a semiclassical treatment, whose accuracy o\12  [g\6

has been previously demonstrated in the case of heavy high- Par—nr) = 46[(?) - (F) ] (7)
frequency diatomic molecules such agddd No. Our analysis

is also based on the assumption that the frequency dependenceiith e/kg = 119.8 K andr = 3.405 A85 The interaction between
of the VER rate constant follows an exponential gap law, which thejth argon atom and thezsinolecule is described by the three-
is consistent with the data obtained from both classical and body potential of Bissonette et #l.The latter is based on an
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exchange-Coulomb potential model with five parameters that diatomic molecule), which are propagated classically with the
were determined empirically by fitting to an extensive set of initial conditionsQg and Py.

spectroscopic, scattering, and thermodynamic data. More ex- The LSC approximation of the quantum-mechanical FFCF,
plicitly eq 13, has the following forrf:70.73

Ph,-a(RO.Q) = Viy (RO,Q) + V(RO,9) )

ci)~ =

7o g 0 S P3P Qo PIOF

here Vy. (R0 ds to th tl Isi hort-
where Vi (R,0,0) corresponds to the mostly repulsive shor (QECI): chn) (16)

range Heitler-London interactions, andc(R,0,q) corresponds

to attractive long-range multipolar interactions. Explicit expres-
sions for these potential functions and the values of the Wherefis the overall number of bath DOF, aka(Q, P) is

parameters used in them can be found in ref 84. defined as in eq 2. . _
The forceF = — [3U(q)/aq]q=o exerted on the vibrational The LHA is employed in order to calculate tht.a'ngner
coordinate by the other DOF is obtained by expandiifg) to ~ transform pFe ":]w(Qo, P) in eq 16%"* More specifically,
first order with respect ta; we effectively expandd, and F to second order arounQo,
followed by an analytical integration ovex of the Gaussian
au(q) integral associated wit®Fe "]y (Qq, Po)/[Qo|e #Hs| Qo] This
U(q) = U(q=0) - Q[ T Toq oo U(@0) —gF (9) leads to the following LHA-LSC approximation fa2(t):
Thus, the overall Hamiltonian, eq 3, can now be put in the [@Q,le ﬁHh|QOD vz
following system-bath form, C(t) ~ f dQy——— f 0 I_l e
Hi(d) = H{(Q) + H, — aF (10) (p(j) 2
_on ©

whereH, = K + U(0) is the bath Hamiltonian. More explicit exp 2.0) [0F(Qo) + D(Qo: Prd1OF(Q™) (17)

expressions folJ(0) andF are provided in the appendix. Rl

The relaxation rate constant from the first excited vibrational
state of the H or D, molecule to its ground state is given by
the Landau-Teller formulai®:50

Here, {P,®} are mass-weighted normal mode momenta, as

obtained from the expansion éf, to second order aroun@o

(the LHA), ando® = QO coth[phQ0/2]/h, where{(Q®)2}

are the eigenvalues of the corresponding Hessian matrix. The

ko1 = Zuh 5= —Clw)) (11) termD(Qo, Pn0) captures the effect of quantum nonlocality and
is purely quantum-mechanical, as it vanishes at the classical
(h — 0) limit. The explicit expression for this term can be found
in ref 70. Another quantum-mechanical effect is introduced by

~ o ot 4 o the fact that the initial sampling of the positions and momenta

Clw) = [~ dte”"C(t) z—,ﬂhwj; dt cost)Cg(t) is nonclassical. More specifically, the initial sampling of the

1te positions is based on the exact quantum-mechanical position

where

_ oo . probability density[Qo|e#Hs|QqllZ,, while the initial sampling
o 1— g Phe L dt sin (@t)C,(t) (12) of the momenta is based on the nonclassical probability density
M}=1(La®k2)Y2 exp[-(PYy)h2a0)].
and
[ll. Simulation Parameters and Techniques

C(t) = Cr(h) +1C,() = BF(OFL = The VER rate constarik,—; was calculated for Hand Dy in
i—rr[e—ﬂHb ghohs Fe MRS E] (13) liquid argon based on classical MD simulations and the LHA-
LSC method. The temperature and density were chos@&r=as
152 K andp = 1.45 x 10?2 cm™3, respectively, in accord with
Here, Cr(t) and C,(t) are the real and imaginary parts of the the conditions for which experimental values kf—; are

force—force correlation function (FFCF(t), respectively[Ald available for both Hand Dy in liquid argon®1° The equilibrium
= Trle PAl/Zy, f = LkeT, Zp = Tr[e#], and OF = F — bond length and vibrational frequencies fop bnd D were
[Fl4. Equation 11 gives the VER rate constaft,1, in terms taken as 0.766640 & 4400.4 cm83 and 3117.0 cmt83
of the FT, at the vibrational frequencyy, of the FFCFC(t). respectively. Thus, the values Bhwo are 42 and 30 for K
We also note that in the classical limih—; is given by and Dy, respectively. For comparison, the valuesfhino in
the previously studied heavier diatomic moleculesadd G

kf)Ll = L(:cl(wo) (14) were 43 and 29, respectively (at 77 K). Thus, one expects a

2uh guantum enhancement of VER rates at least as strong as that

observed for Nand Q, and probably even stronger because of

whereCy(wo) is the FT of theclassicalFFCF: the significantly lighter mass of +and D.
The classical MD simulations were initiated with 125 argon
_ (cl) atoms arranged on a cubical lattice in a cubical simulation cell
Ca® = f dQOf dPo z 6F(Q°)6F(Q ) with standard periodic boundary conditions. One of the argon
(15) atoms was then replaced by a single ¢t D, molecule. The

system was then equilibrated at the desired temperature for 600
Here, Q(C' correspond to the Cartesian coordinates and mo- ps, using the velocity Verlet algorithm and Negdoover chain
menta of all the atoms (including those that constitute the thermostats of length four (one thermostat for each of the three
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Cartesian coordinates of each argon atom and the diatomic
molecule center of mass, and one for the three intramolecular
DOF)86 A time step of 1.0 fs was used in all the simulations
reported in this paper, and the rigid molecule constraint was
imposed via the Rattle algorithfiThe equilibration period was
followed by a calculation ofC(t), which involved averaging
over 1@ equilibrium trajectories, each of length 32.786 p®¥ (2
time steps). Once the FFCF was obtained, its FT was calculated
via the FFT method. In the case of very high vibrational
frequencies, the FT is a very small number and, therefore, very
difficult to compute directly. Following common practice, we
instead extrapolated the exponential gap law, which is observed
to emerge at low frequencies, to higher frequentié8 As-
suming that this extrapolation is the major source of error, we

(=)
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evaluated the error bars reported for the VER rate constants_. . . )
based on the least-squares fit to the corresponding Iinear'-zlgl-”e 1. Real part of the forct_eforce_correlatlon funct_lon_ for Kin
~“liquid argon at 152 K, as obtained via LHA-LSC (solid line), LHA-

frequency dependence of the VER rate constant on a semilog; sc with D(Q,, Png) = 0 (dashed line), and from classical MD
scale. simulations (dotted line). The decay ©ft) at long times is shown in

The calculation of the FFCF via the LHA-LSC method the insert.
followed a procedure similar to that described in refs 69, 70,
and 71. The main difference between the current and previous
studies is that rather than restricting the LHA-LSC treatment
to contributions from the first few solvation shells around the
diatomic molecule, we were able to apply it to all of the atoms
in the simulation cell (which was made possible by the
availability of improved computer resources). The calculation
starts by sampling the initial positions of all the atoms in the
simulation cell via a path-integral MD (PIMD) simulation, where
16 beads were assigned to each atom. We have verified that
assigning 32 beads per atom did not alter the results. The PIMD
simulation was started with all 16 beads in the position of the
corresponding atom in the above-mentioned cubical lattice
configuration. This was followed by an equilibration period of 0
600 ps at the desired temperature, using the velocity Verlet
algorithm and NoseHoover chain thermostats of length four ~Figure 2. Real part of the forceforce correlation function for Pin
(one thermostat for each of the three Cartesian coordinates offiquid argon at 152 K, as obtained via LHA-LSC (solid line), LHA-
each argon atom bead and the diatomic molecule center of mas&SC With D(Qo, Png) =0 (dashed line), and from classical MD
bead, and one for the three intramolecular DOF be¥dl). S|ml_JIat|ons (dotted line). The decay ©ft) at long times is shown in

! the insert.

should be noted that the initial configurations sampled satisfy
the rigid molecule constrairff. The sampling was performed  results reported below were based on the cosine transform of
by choosing random beads from snapshots of the isomorphicthe real part of the correlation functions.
liquid of cyclic polymers at each time step.

We would also like to note that treating the argon classically V. Results

within the PIMD simulation did not alter the results significantly. The real parts of the FFCFs calculated for-+Ar and D—
This is consistent with the view that the force fluctuations are ar via the LHA-LSC approximation are shown in Figures 1
dominated by the motion of the much lighter, land D and 2, respectively. Also shown in these figures are the results
molecules. Nevertheless, all of the results reported here weregptained by applying the LHA-LSC method with(Qo, Pr.0)
based on PIMD simulations, where each argon atom was get to zero (cf. eq 17), as well as the corresponding classical
assigned 16 beads. FFCFs. The FFCFs for both,HAr and D,—Ar are distinctly

An overall number of 2x 1P initial configurations were bimodal, with a rapid initial decay during the first50 fs,
sampled via the above-mentioned PIMD-based procedure. Forfollowed by a significantly slower and long-lived decay that
each of these, we calculated the normal-mode frequencies andasts for several picoseconds. This behavior is quite different
transformation matrix via the Jacobi metfddnd used them  in comparison to that of the FFCFs calculated fora@d N in
in order to sample the initial normal mode momenta. Here, too, nonpolar solution. Clear deviations between the classical and
we restrict ourselves to normal-mode displacements that satisfysemiclassical results are observed at short times00Q fs).
the constraints imposed by the rigidity of the, ldnd D Furthermore, the deviations in the case ofHAr are larger
molecules? It should also be noted thad) > 0 even ifQ0 is than in the case of P-Ar, which is consistent with the
imaginary, as long agh|Q0| < . In fact, we did not find a expectation that quantum corrections should be more pro-
single case where®) < 0 in over 120 000 initial configurations.  nounced in the case of the lighter isotope. The most relevant
Following the initial sampling, we performed a classical MD difference between the classical and semiclassical results is that
simulation over 2 time steps for each of the initial configura- the LHA-LSC-based FFCF decays significantly faster than the
tions and extracte€(t) from them. It should be noted that in  classical FFCF. A more rapid decay translates into a larger high-
calculating correlation functions via LHA-LSC, we can only frequency tail of the FFCF and, therefore, faster VER rates.
correlate the forces dt= 0 and at a later timé. All of the The fact that neglecting th® term in the LHA-LSC ap-

Re{C(t) /10 >N}
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22—t constant for H is an order of magnitude larger than that for
| 1‘ — LHA-LSC ] D, similar to experiment. Neglecting the teid{Qo, Pn0) leads
I T IC)1=O ical J to VER rates that lie between the classical and full LHA-LSC
= 10F ™ assica results, but with the VER rate constant fop btill being an
%) .
E o : order of magnitude larger than that fop.D
§/ 8 V. Discussion
=] - N -
o’ 7_ LD N The calculation of VER rates in Hand D, represents a
< 6 T considerable challenge because of the light massekex-
L H./Ar 1 tremely high vibrational frequencies of these molecules, which
5_ -
I 2 ] can be expected to produce very pronounced quantum effects.
v b b e b e b B i H H H H
40 300400600800 1000 Furthermorg, one also expects a S|gn|f|_cant isotope effect in this
21 system in light of the large mass ratio betweep ahd D,.
_ o /cm Indeed, the classical VER rates fop Hnd Dy in liquid argon
Figure 3. Frequency dependence of the VER rate constani(w), are found to be slower than the experimental VER rates by as

for Hz in liquid argon at 152 K, as obtained via LHA-LSC (solid line), ; ; ;
LHA-LSquith D%Qo, P.o) = O (dashed line), and from clagssical M% much as 8-9 orders of magnltude. In comparison, the classical
simulations (dotted line). VER rate constants of the heavier diatomic moIepuIQSiﬁlj
N, were found to be “only” 4 and 7 orders of magnitude slower
than experiment, respectively. The experimental VER rate in
L e H, is also found to be 1 order of magnitude faster than that in
— LHA-LSC ] D, (despite the significantly larger vibrational frequency in the
T ]81=0 . 1 former).
assical | 4
In this paper, we have calculated the VER rate efadd D
in liquid argon via the LHA-LSC method. It should be noted
that this method was previously found to accurately predict VER
rates in heavier high-frequency diatomic molecules, suchas O
and N, under similar condition&7* While the agreement
between the LHA-LSC-based and experimental VER rates is
D./Ar "'r'v.vj.”; certainlly not as good in' the presept case, it still represenFS a
2 v dramatic improvement in comparison to the corresponding

—_— e e
S = N
—

log,,[k(®)/ms]

[ = N )
— T

I S RESFEIS R classical predictions. Furthermore, unlike the classical results
0 200 400 6_00 800 1000 that show no significant isotope effect, the LHA-LSC-based
®/cm results are consistent with the experimentally observed isotope

Figure 4. Frequency dependence of the VER rate constant(w), effect. . . .
for D, in liquid argon at 152 K, as obtained via LHA-LSC (solid line), In analyzing the isotope effect, it should be remembered that

LHA-LSC with D(Qo, Pno) = 0 (dashed line), and from classical MD k. o(Hy)/ky-—o(D2) = 1/u(D,)/u(H,) x {Clwo(H2)]/Clwo(D2)]} .
simulations (dotted line).
The termy/u(D,)/u(H,) enhances the VER rate obldver that
of D, by a factor ofv/'2. The behavior of the ter@[wo(H2)]/

proximation yields a FFCF that decays more slowly demon- Clwo(D2)] reflects the competition between two opposing
strates the importance of including this term in order to account driving forces. On the one hand, the fact thatHz)/wo(D2) =
for the full extent of the quantum enhancement. V2 implies thatClwo(H,)] tends to be smaller tha@[wo(D,)]

The frequency-dependent VER rate constakis;(w), for due to the lower density of accepting modes at higher frequen-
H,—Ar and D,—Ar are shown on a semilog plot in Figures 3 cies. On the other han&(w) follows a stronger exponential
and 4, respectively. These results were obtained by calculatinggap law for I than for K. This implies that, for a given
C(w) from the real part of the FFCFs reported in Figures 1 and frequency, H has more accepting modes thap Blassically,

2 (cf. eq 12) and substituting it into eq 11. As mentioned before, this can be traced back to the lower reduced massofvHich
calculating the very small values of the FT of the FFCF at implies that momentum exchange with the solvent atoms would
4400.4 and 3117.0 cm for H, and Dy, respectively, is not ~ be more efficient. This explains why the classical VER rates
feasible. Howevelky—1(w) is seen to follow an exponential gap ~ for Hz and D are almost identical despite the fact thet>) is

law in the frequency range of 26000 cnt™. Following the significantly larger tham (D). However, the classical treatment
commonly used proceduf&8® we assumed that the values of ~does not account for the order of magnitude difference between
ko—1 at higher frequencies can be calculated by extrapolating the VER rates of bland D. In contrast, the LHA-LSC method
this exponential gap law. The VER rate constants that were captures this difference, which suggests that its origin is purely
obtained by following this procedure are reported in Table 1 quantum-mechanical. More specifically, the smaller massof H
alongside the corresponding experimental results. implies that it can more deeply penetrate classically forbidden

The experimental VER rate constants fos-Hr and D,— regions of the repulsive part of the interaction potential, thereby
Ar are on the millisecond time scale, with the rate constant for sampling stronger forces that lead to enhancement of its VER
H, an order of magnitudkiarger than that for B. The classical rate.

VER rate constants for the same systems are seengtower It should be noted that, although the LHA-LSC method
by 8-9 orders of magnitude, with essentially the same values accurately captures the isotope effect and provides VER rates
for Hp and Dy. In comparison to this, the LHA-LSC-based VER that are in far better agreement with experiment than the
rate constants are “only”-23 orders of magnitude slower than corresponding classical predictions, they are still abou8 2
experimental values. Also, the LHA-LSC-based VER rate orders of magnitude slower in comparison to the experimental

N
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TABLE 1: VER Rate Constants for H, and D, and Their Ratio in Liquid Argon at T =152 K and p = 1.45x 10??cm 3

kok]_(Hz)/msil ko-fl(Dg)/mSﬁl ko-fl(Hg)/kokll(Dz)
experiment 4.46 (ref 4) 0.32 (ref 19) 14
classical (1.9£0.2) x 10°° (25+0.3)x 10°° 0.8+0.2
LHA-LSC (D =0) (1.7£0.7) x 10°° (1.2+0.3)x 10 14+7
LHA-LSC (1.0£0.2) x 102 (4.9+£0.7)x 10 20+5
QCF (4.2+0.4)x 104 (22+0.3)x 10°° 19+4

2 The experimental result reported fop Ebrresponds to the average of the experimental results obtainpd=fdr40 x 10?>cm—= andp = 1.53
x 10?2 cm 2 at 150 K. Also shown are the classical results, the results obtained via the LHA-LSC method with and without tBéQer o),
and the results obtained by using the mixed Harme®ichofield QCF’

VER rates. Several reasons may contribute to this discrepancy.method’* However, when applied to Hand D, this QCF
First, it is possible that the force fields used are not accurate predicts VER rate constants that are about 4 orders of magnitude
enough, particularly in the repulsive region. However, this seems slower than the experimental ones (cf. Table 1). Nonetheless,
unlikely in light of the high quality of the b+—Ar and D;—Ar the ratio of the QCF-based VER rate constants feraHd D,
interaction potentials used. Another possibility is that the isin good agreement with experiment. These observations give
experimental VER rates involved contributions from processes rise to the intriguing possibility that the VER ofztind D is

that are not accounted for in our model. For example, the sensitive to quantum effects that cannot be captured by either
experimental procedure of extrapolating from finite to infinite the LHA-LSC method or the QCF approach. Furthermore,
dilution may be inaccurate. Yet another possibility is that the because these effects seem to be sensitive to the mass of the
discrepancy arises from assuming that the exponential gap lawdiatomic molecule and because both the LHA-LSC and QCF
obtained at low frequencies (000 cntl) can be extrapolated ~ approaches rely on purely classical dynamics, one may speculate
to much higher frequencies. For example, we have found thatthat the missing quantum affects are of a dynamical nature.
using the alternative extrapolation procedure proposed in ref Further insight into this issue can be gained by calculating the
42 yields VER rates that are in better agreement with experiment VER rates for H and D; via other, possibly more accurate,
(~0.7 ms! and 1.4x 102 ms! for Hy—Ar and D—Ar methods such as the semiclassical initial-value-representation
respectively). This procedure is based on fitting the FFCF at Method?*2quantum mode-coupling theotyand the analytical
short times to an ansatz whose FT is known analytically. We continuation approach-°

have found that the two procedures lead to results that can be . .
fitted to essentially the same exponential gap law at low _ Acknowledgment. This project was supported by the

frequencies. However, this ansatz-based approach also predictgIatiorlal Science Founda}ion through grant no. CHE-0306695.
that the slope of the exponential gap law slowicreasesvith The authh(_)rfs wr(])ulldf allzq like to thander(.j B_emg J. Ka and Dr.
increasing frequency, which leads to the prediction of somewhat @/and Shi for helpful discussions and advice.
faster VER rates. However, it should be noted that the choice
of ansatz is motivated by mathematical convenience rather than
by the underlying physics. Thus, the decreasing slope of the The potential energy of the bath is given by (cf. eq 9):
exponential gap law may well be an artifact that results from
the choice of ansatz. Nevertheless, this result suggests that — ) — —
extrapolating the low-frequency exponential gap law from low U@=0) ]Z J; Par-ar(l) + JZ Puip-(l0:6;,0 = 0)
to high frequencies may not be entirely accurate. A direct (A1)
calculation of the VER rate constant at high frequencies would o . _
obviously be highly desirable. Unfortunately, such a direct H?re,¢gz_m(rl?,9,q =0) = Vi(RO.9=0) + Ve(RO.q = 0)
calculation is not feasible at the present time. (cf. eq 8), where

Finally, one should also consider the possibility that the V (R6,q=0)=K[F,,+ F, PP,(cos6)] exp{ — (R—
discrepancy between the LHA-LSC-based and experimental 3

6
VER rates is due to the approximations underlying the LHA- R(6))[b, + byz(6) + b222(9)]} aﬁozp(Q)Pl(COSQ)
LSC method. In this context, it is interesting to note that a much 12012 =

Appendix A: Explicit Expressions for U(0) and F

N N

better agreement between the LHA-LSC-based and experimental (A2)
VER rates was observed for,@nd N, despite the fact that

the corresponding values fiwo were essentially the same as  and

those considered here fopldnd D».” "It should also be noted 10 nea

that the quantum enhar)cement of VER rates. pnadd Dy is V(RO,q=0)= —G,(RH) fn(R,G)R_”CnlOPA
several orders of magnitude larger than that ina@d N.. A nZ512) 1 57)

similar trend is also observed when one attempts to estimate (cost) (A3)
the quantum-mechanical VER rates in &#d D via the QCF

approach. More specifically, it has been argued by Skinner and The functions and parameters in eqs A2 and A3 are defined as
co-workers that the mixed harmoriSchofield QCF should be  in ref 84.

used in the case of VER of a high-frequency homonuclear The force exerted on the vibrational mode by the bath is given
diatomic molecule in a nonpolar solveéritindeed, comparison by (cf. eq 9):
between different QCFs showed that using this QCF led to the

best agreement with experiment in the case efa@d N.”! 9U(a)

Furthermore, the VER rates obtained by using this QCF were aq
found to be similar to these obtained via the LHA-LSC

N
ad

== > —n-al6,0

= =) 2 -

q=0 JZ q q=0 (Ad)
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Here dgr,—a(R0,0)90g=0 = 0VHL(R,0,0)80l¢=0 + Vc(R,0,0)00| =0
(cf. eq 8), where

A 1
=—Kexp{—(R— R(0))[b, + b, z(0) +
9 |g=0 Tg
6 3
b,Z(a)]} Z Z) z°(0)P;(cosO)[(Fy o+
=0(2) p=
FoPA(cosO))an, + (Fou + Fp 1Po(c0S0))8] (AS)
and
Ve 1 10 n—4
— | =--G,RH) Z f (ROR"C, 1P,
99 |o=0 ) nB12) 15002)

(cos6) (A6)
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